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Abstract 
The synthesis of second, third and fourth generation of highly ordered titania nanotubular photoanodes by 
electrochemical anodization of Ti thin foils in different electrolytes is reported.  Field emission gun scanning 
electron microscope analysis indicated that films composed by nanotubes have a high porous tubular morphology.  
X-ray diffraction results confirmed that annealed titania nanotubes have anatase/rutile phase.  Diffuse reflectance 
UV-Vis spectra analysis indicated that the band gap for various generation titania nanotube arrays as 3.0, 2.8 and 2.5 
eV.  The hydrogen generation of second, third and fourth generation titania nanotube arrays at an illumination of 10 
mW/cm2 for 1 h is 0.10, 0.28 and 0.36 mL respectively.  
© 2009 Published by Elsevier Ltd. 
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1.  INTRODUCTION 
One-dimensional (1-D) highly ordered nanotube architectures of high surface-to-volume ratios possess 
useful and unique properties compared to that of their bulk counterparts.  They have excellent electron 
percolation pathways for vectorial charge transfer between interfaces.    In the case of TiO2, comparative 
studies have shown that highly ordered, vertically oriented nanotube arrays out perform their colloidal 
counterpart for applications including sensors [1], water photoelectrolysis [2], dye-sensitized and solid-
state heterojunction solar cells [3], and photocatalysis [4].  They have also shown remarkable properties 
for their use in biomedical applications including biosensors, molecular filtration, drug delivery and tissue 
engineering.   
 Titania nanotube (TNT) arrays have been synthesized by a variety of techniques, including the 
use of nanoporous alumina templates [5], sol–gel preparation using organo-gelator templates [6], seeded 
growth mechanisms [7], and hydrothermal techniques [8].  However, fabrication of oxide nanotube arrays 
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by electrochemical anodization of the starting metal offers superior control over nanotube dimensions by 
the optimization of various parameters such as pH, concentration and composition of the electrolyte, 
applied potential, time, and temperature of anodization.   
  Zwilling and co-workers reported the formation of ordered nanoporous oxide structures obtained 
by anodizing Ti in F- containing electrolytes [9].  Gong and co-workers, reported the formation of 
nanotubes up to 0.5 mm length by electrochemical anodization of Ti foil in HF aqueous electrolyte [10].  
In a subsequent work reported by Cai and co-workers [11], the second generation of nanotube array 
synthesis, the nanotube array length was increased to approximately 7 m by using an aqueous buffered 
electrolyte and by proper control of the anodization electrolyte pH thereby reducing chemical dissolution 
of the TiO2 during anodization [12].  The third generation of TiO2 nanotube array synthesis, with 
nanotube lengths up to approximately 1000 m, was achieved using a non-aqueous, polar organic 
electrolyte such as formamide, dimethyl sulfoxide, ethylene glycol, or diethylene glycol [13].  Recently, 
non-fluoride electrolyte based synthesis of TiO2 nanotube arrays has been reported, which may be 
considered as the fourth generation synthesis [14].  For hydrogen generation in PEC cells, the efficiency 
and stability of photoelectrodes are key factors.   
 The generation of TNT synthesis plays an important role in deciding the efficiency of water 
splitting.  In the literature, there is no comparison report on water photoelectrolysis using various 
generation TNT arrays. In the present work second, third and fourth generation TNT are fabricated and 
their mechanism on hydrogen generation are discussed. 
 
2.  EXPERIMENT   
 
2.1  Synthesis of second generation TiO2 nanotube arrays 
The rapid rate of TiO2 dissolution by an acid solution in the aqueous, in the first generation approach 
to nanotube array synthesis, limits the shape, structure and the maximum achievable nanotubes length to 
approximately 0.5 mm.  This problem can be reduced by using weak acid such as KF or NaF in the 
electrolyte along with ethylene. 
The second generation TiO2 nanotube array film was fabricated by a two step electrochemical anodic 
oxidation process.  High purity titanium (99.7%) foil of 0.127 mm thick from Sigma-Aldrich, USA were 
polished with emery paper, and then washed in double distilled (DD) water, successively.  It is then 
chemically etched for 1 min by immersing in a mixture of HF: HNO3: H2O in the volume ratio 1:4:5 and 
rinsed with acetone and DD water for 10 min.  The TiO2 nanotube arrays were fabricated in a cylindrical 
electrochemical reactor.  In the first step the electrolyte consisted of 0.5 wt% hydrofluoric acid in water 
and a platinum plate served as the cathode.  The TiO2 nanotubes growth anodisation potential and time 
were 12 V and 30 min respectively.  When the tubes were formed the foil colour changes to a purplish 
shade.  The samples were rinsed with DD water.  In the second step to increase the tube length, again an 
anodization was done with a 10 ml of 0.04 M of KF and 90 ml of ethylene glycol 99.8% solution.  The 
TiO2 nanotubes growth anodisation potential and time were 60 V and 30 min respectively.  The 
electrolyte concentration of KF was varied from 0.04 to 0.06 M and found to be optimum at 0.05 M.  The 
amount of hydrogen generated is maximum at 0.05 M. They were subsequently calcinated at 580 °C in air 
ambient for 1 h with heating and cooling rates of 5° C/min. 
 
2.2   Synthesis of third generation TiO2 nanotube array 
The water content in the aqueous electrolytes is one of the parameters responsible for the rapid 
chemical dissolution of the formed oxide.  Hence reduction of the water content in the electrolyte to a 
minimum value is important for increasing the length of the TNT arrays.  This is the basic concept in 
choosing the electrolyte composition for the third generation of TiO2 nanotube synthesis, in which we use 
polar organic solvent - ethylene glycol with NH4F.  The third generation TNT arrays were fabricated by a 
two step process.  In the first step 0.25 wt% of NH4F was dissolved in a mixture of 99% ethylene glycol 
+ 1% water solution and the anodisation was carried out for 1 h at 30 V.  Initially the current density 
decreased rapidly to 0.5 mA and it is due to the formation of a barrier oxide film on the Ti foil [15].  As a 
result, the electric field concentrated locally over the fluctuating surface which led to a field-enhanced 
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dissolution of the existing oxide and thus to the initiation of pores.  Therefore, the current density 
increased and finally a steady current density of 1 mA was attained by maintaining an equilibrium state 
between the oxide formation rate and the dissolution rate.  The TiO2 nanotubular layer was then removed 
by using an adhesion tape, owing to weak adhesion between the TiO2 layer and the underlying Ti metal.  
The second anodization step was performed for 5 min under conditions identical to those in the first 
anodization step.   After the conclusion of the two-step anodization, the sample was cleaned ultrasonically 
in ethanol and finally rinsed in turn in DD water and ethanol.   
 
2.3   Synthesis of fourth generation TiO2 nanotube array  
Synthesis of TiO2 nanotube arrays using fluoride free electrolytes are commonly considered as fourth 
generation synthesis techniques.  The non-fluoride based electrolytes include HCl, H2O2, and their 
mixtures, perchloric acid solutions, and mixtures of oxalic acid, formic acid, and sulfuric acid with 
NH4Cl [14].  In the present work TNT arrays were fabricated  with electrolytes of 0.5 M HCl + 0.4 M 
H2O2 in ethylene glycol containing 2 vol.% H2O under applied voltage of 18 V.  Here we have varied 
the anodisation time from 5, 8 and 10 min and found to be optimum at 10 min where more efficiency is 
noted.  The as-anodized samples were ultrasonically cleaned in DD water for 30 s to remove any surface 
debris and annealed at 580 ºC for 1 h.    
 
2.4  Measurements  
High-resolution surface images were acquired by employing Field Emission Gun-Scanning Electron 
Microscopy (FEG-SEM) using a JSM-7600F attached with an Energy Dispersive X-ray attachment 
(EDX).  The gross structure and crystalline nature of titania nanotubes were analyzed by recording X-ray 
diffraction (XRD) pattern using XPERT-PRO X-ray diffractometer with Cu K  radiation  (  = 1.54060 
Å).  Diffuse reflectance spectra were obtained using a UV-Vis spectrometer (Varian, Cary 300) in the 
300-700 nm wavelength range and were converted from reflection to absorbance by the Kubelka–Munk 
method.  Photoelectrochemical cell (PEC) equipped with a quartz window was designed and the exact 
amount of hydrogen gas evolved from the photoanode was analyzed.  A 500 W Xenon lamp (Wacom 
Model:HX-504) of high luminance was used to irradiate the anode.   
 
 
3.  RESULTS 
 
3.1 FEGSEM analysis  
 
Figure 1a and b shows the top and cross-view FEG-SEM surface structure of the second generation 
TiO2 nanotube array film.  The resulting self-organized nanoporous TiO2 had a length 500 nm and a pore 
diameter between 90 and 110 nm.  The cross sectional view clearly displays the cylindrical shape of the 
nanotubes and the wall thickness of the tubes are found to be 50 nm. 
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              Fig.1. a) Top and b) lateral view FEG-SEM images of the second generation TNT.                                   
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                      Fig.2. a) Top and b) lateral view FEG-SEM images of the third generation TNT. 
 
 
 
Figure 2a and 2b shows the top and cross-view FEG-SEM images of the highly dense third generation 
TNT array had a length 1000 nm and pore diameter 180 nm.  The wall thickness of the nanotube is found 
to be about 25 nm.  In the third generation the tube length has increased two times compared to the 
second generation.  The diameter of the tubes also increases but with a decrease in the wall thickness.             
 
 Fig. 3 is a FEG-SEM image of baleen-looking structure from a sample fabricated at 18 V, 0.5 M HCl+ 
0.4 M H2O2 for 10 min.  The top and cross-view FEG-SEM of the fourth generation TiO2 nanotube array 
film shows the bundles of nanotubes and large amount of voids.  The average length and inner diameter 
are found to be 900 nm and 15 nm respectively.  In the fourth generation TNT diameter of the tubes has 
decreased considerably indicating   increase in the surface area. 
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                  Fig.3 a)  Top and b) lateral view FEG-SEM images of the fourth generation TNT.         
 
 
 
 
Fig. 4.  shows the EDX spectra of the elements present in the second generation TNT arrays.  EDX spectrum of 
pure  TiO2  show that K   and K   peaks from Ti element  appear at 4.51 and 4.92 keV, while K  peak of O element 
appear at 0.52 keV.  
 
 
      
 Fig. 4 EDX spectra of the annealed second generation TNT.   
3.2 X-ray diffraction analysis 
Fig. 5a shows the XRD pattern of the as prepared TNT arrays.  X-ray peaks due to the substrate 
Ti sheet only appears at 2  = 34.83º, 38.17º, 39.92º, 52.76º, 62.71º, 70.44º, 76º corresponding to (100), 
(002), (101), (102), (110), (103) and (112) planes respectively.  No XRD peak due to titania was observed 
indicating the amorphous nature of the film.  Hence the films are annealed at 580 ºC for 1 h in atmosphere 
to induce the crystalline nature.  Figure 5b displays the X-ray diffraction pattern of the second generation 
TNT arrays annealed at 580 °C for 1 h and X-ray peaks of TiO2 are also observed in addition to Ti 
substrate peaks.  Annealed film exhibits characteristics diffraction peak at 2  = 24.84º and 47.48º 
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corresponding to (101) and (200) planes of TiO2 and it is ascribed to the appearance of the regular anatase 
crystal phase.  In addition two X–ray peaks of the rutile phase corresponding to (110) and (101) appears 
at 26.97º and 35.55º.  All the X-ray parameters are given in Table 1 along with the standard values for 
comparison. It shows that all the observed d values are slightly greater than the standard values indicating 
the compression in the cell constant when TiO2 is prepared in the form of nanotubes.  Figure 5c gives the 
X-ray diffraction patterns of the third generation TNT arrays and five X-ray peaks of anatase phase are 
observed in addition to Ti peaks.  Annealed film exhibits characteristics diffraction peaks at 2  = 24.72º, 
37.22º, 47.44º, 53.30º and 54.46º corresponding to (101), (004), (200), (105) and (211) planes of TiO2 
ascribed to the appearance of the regular anatase crystal phase.  A weak X-ray peak of rutile phase 
corresponding to (110) plane appears at 26.73º.  All the XRD parameters are given in Table 1 and 
compared with the standard values of d-spacing. 
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Table 1: XRD parameters for various generations TiO2 nanotubes. 
Observed  
Generation 
Rel. 
Int.[%] 
FWHM   
( º2  ) 
d-spacing[Å] 
Standard 
d[Å] 
 
Assignment 
 
Second 
19.56 
7.94 
3.33 
2.43 
0.229 
0.432 
0.169 
0.449 
3.582 
3.303 
2.523 
1.913 
3.520 
3.247 
2.487 
1.892 
Anatase (101) 
Rutile (110) 
Rutile (101) 
Anatase (200) 
 
 
Third 
100 
4.94 
14.72 
12.88 
6.16 
6.30 
0.258 
0.642 
0.432 
0.348 
0.639 
0.584 
3.598 
3.333 
2.414 
1.915 
1.717 
1.684 
3.580 
3.247 
2.378 
1.893 
1.700 
1.686 
Anatase (101) 
Rutile (110) 
Anatase (004) 
Anatase (200) 
Anatase (105) 
Anatase (211) 
    Fourth 10.10 
2.29 
0.665 
2.123 
3.543 
1.920 
3.580 
1.893 
Anatase (101) 
Anatase (200) 
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Fig. 5   XRD pattern of TNT a) as-prepared, b) second generation, c) third   generation and   d) fourth 
generation TNT 
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Figure 5d gives the X-ray diffraction pattern of the fourth generation TNT arrays annealed at 580 °C 
and in that the anatase phase of TiO2 appears along with the Ti substrate peaks.  Annealed film exhibits 
two diffraction peaks at 2  = 24.72º and 47.44º corresponding to (101) and (200) plane of TiO2 anatase 
crystal phase.  All the observed XRD parameters are given in Table 1.         
 
 
3.3 Diffuse reflectance spectra    
 
   Fig. 6  DRUV-Vis spectra of a various generation of  nanotubes.          
     
DRUV-Vis spectra are shown in Fig. 6 for the second, third and fourth generation TNT.  The fluorine 
based second and third generation TNT show a broadened reflection peak around 300-400 nm.  The 
chlorine based fourth generation TNT shows first reflection minima around 300 nm indicating the 
absorption maximum.  A second wide reflection minimum is noticed around 500-800 nm.  Assuming an 
indirect bandgap (n = 2) for TiO2  [15]  and that the absorption coefficient  is proportional to Kubelka–
Munk function  F(R), the bandgap energy can be obtained from the plots of  [F(R)hv]2  vs  hv   as the 
intercept at   [F(R)hv]2 = 0  of the extrapolated linear part of the plot.  The intersection of the straight line 
at the photon energy axis gives the value to Eg.  The band gap energy of second, third and fourth 
generation annealed TiO2 nanotubes calculated with Kubelka-Munk function is found to be 3.0 eV, 2.8 
eV and 2.5 eV respectively and shown in fig. 7. 
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Fig. 7  Kubelka-Munk transformed  reflectance spectra of various generations of   
           Nanotubes 
 
3.4 Photoelectrochemical Characterization. 
Photoelectrochemical experiments were carried out using a two-electrode configuration with a Pt plate as 
counter electrode and a TiO2 nantube as photo electrode.  An external voltage of 0.5 V was given between 
the electrodes since the photo voltage generated in the cell was not sufficient to carry out the water 
photolysis.  Anodic bias is needed to elevate the Fermi level of cathode above the water reduction 
potential making water splitting process feasible.  Photoelectrochemical water splitting experiments were 
conducted in a 1M KOH electrolyte with 10 vol% ethylene glycol.  The addition of 10 vol% ethylene 
glycol into KOH electrolyte is to enhance the photocurrent density [16].  Organic substance in the 
electrolyte can act as hole scavenges (i.e. sacrificial electron donor), which can suppress the charge 
recombination in the UV-excited TiO2 nanotube arrays and increase the photocurrent [17].  The 1 cm2 
working electrode was illuminated with a Xenon lamp and the measured light irradiance on the photo 
anode was 10 mW cm-2.  We  collected  0.15 mL of hydrogen gas with second generation synthesized 
TNT, 0.28 mL of hydrogen gas with third generation synthesized TNT and 0.36 mL of hydrogen gas with 
fourth generation synthesized TNT using this present photoelectrochemical cell under irradiance for one 
hour.  It should be noted that this generation rate of hydrogen also includes some contributions from the 
external bias voltage applied.  The photo current densities of the second, third and fourth generation 
measured are 0.8, 1.6 and 1.8 mA cm-2.  The water-splitting reaction was confirmed by the 2 : 1 ratio of 
evolved hydrogen to oxygen with no sample degradation observed.  
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 4. DISCUSSION 
The length of the third and fourth generation nanotubes are much higher compared to second 
generation.  With organic electrolytes, compared to aqueous electrolytes, the reduced availability of 
oxygen reduces oxide formation.  At the same time reduced water content in organic electrolytes reduces 
the rate of chemical dissolution thereby increasing the nanotube length.  From the FEGSEM images of 
various generations of TNT it could be observed that the self-organized TiO2 nanotubes with high aspect 
ratios have been fabricated on Ti foil by the electrochemical anodization technique.  The fourth 
generation TNT is thinner and much smaller in diameter and hence has larger surface area.  Moreover the 
aspect ratio is also higher compared to the second and third generation.  Fig. 4 shows selected area energy 
dispersive X-ray spectra for TNT.   The tubes are composed of Ti and O.   Strong K  and K  signals from 
Ti were seen at 4.51 and 4.93 keV, respectively.  The L  peak from Ti and the K  peak from O are so 
close that they superimpose.  EDX studies confirm the presence of Ti and O in TNT arrays. 
XRD studies reveal that as prepared titania nanotubes are amorphous and annealing brings 
crystalline nature in these materials.  TiO2 has three forms namely anatase, rutile and brooklite.  In this 
brooklite, is less common, unstable at room temperature and difficult to crystallise [18].  In the second 
generation TNT arrays XRD both the anatase and rutile phases are noted.  From figure 5c, it is clear that 
anatase phase is predominant in the third generation nanotubes.  The peak intensity of anatase phase 
became stronger and the width of the peaks became narrower.   A minor but discernible peak at 26.97º 
appeared, which was assigned to rutile phase (JCPDS No. 21-1276).  The weight fractions of the anatase 
and rutile phases of the nanotube are estimated from the relative intensities of their strongest peak 
integrated XRD peak intensities using equation [19] : 
 
             XA= [1+1.26 IR/IA] -1                  ----------(1) 
 
where XA is the weight fraction of anatase, and IA and IR are the X-ray integrated intensities of the (1 0 1) 
reflection of anatase and (1 1 0) rutile, respectively.  The values of XA is found to be 0.66, 0.94 and 1 for 
the second, third and fourth generation TNT. It shows that the contents of rutile phase in the second and 
third generation nanotubes are 34 and 6 %, while in the fourth generation nanotubes there is no rutile 
phase. 
In the DRUV-Vis spectrum of Fig. 7, fourth generation TNT has a prominent wide second 
reflection minimum centered within the visible spectrum (500-600 nm) indicating the absorption of more 
light compared to others.  The absorption characteristics of the chlorine-organic tubes appear to be much 
better attuned to harvesting solar irradiance.  The observed band gap energy of 2.5 eV for the fourth 
generation nanotubes also reveals its light absorption over longer (visible) wavelengths.  The red shift in 
band gap energy for second, third and fourth generation TNT from 3.0 eV to 2.8 eV and then to 2.5 eV is 
attributed to some colour centres or defect structures in the nanoparticles, which leads to sub-bandgap 
transition of electrons either from the deep trapping level to the bottom of the conduction band or from 
the top of valence band to the shallow trapping level [20].  These findings suggest that the fourth 
generation synthesized TNT is the best photo electode for water splitting.   The large surface to volume 
ratio of the fourth generation TNT has translated into superior solar water-splitting efficiency.  These 
findings are in close agreement with the results reported by Nageh K. Allam et al [22].  It appears that the 
H2O2 + HCl combination in ethylene glycol electrolytes drives modest amounts of carbon incorporation 
within the resulting TNT structures.  Carbon contaminants from the organic electrolyte can also lead to 
visible absorption.  Khan et al. [21] reported an 8.35% photoconversion efficiency for the splitting of 
water using carbon doped TiO2.  These results are consistent with and are supported by the theoretical 
band structures (density of states calculations) for C doped TiO2 that suggest doping by carbon as the 
most promising avenue for obtaining visible longer wavelength photoactivity in TiO2 [22].  This is based 
on a larger predicted band gap narrowing for carbon and, even more importantly, a better overlap between 
carbon states and O2p states leading to dopant states that are less localized resulting in more mobile 
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charges and reduced recombination [23].  The energy band gap that governs the absorption process has 
decreased and photoelectron–hole pair generation increases the charge transfer in PEC.  Hence the 
hydrogen generation has increased in the fourth generation synthesis of titania nanotubes.   
From the results, for second, third and fourth generation TNT there is an increase in the surface 
area.  The increase in the photocurrent and efficiency in the third generation TNT could be related to the 
increased crystallinity with anatase phase and an increase in suface area.  The use of ethylene glycol 
during TNT fabrication might have caused C-doping and defect structures resulting in a red shift in the 
absorption edge of titania nanotubes.  The band gap value and the absorbance characteristics of the fourth 
generation bundle nanotubes suggest a better photo activity than that of second and third generation 
nanotubes.   The enhanced light absorption and propagation characteristics arising from their precisely 
controlled and oriented porosity make fourth generation TiO2 nanotube arrays a suitable architecture for 
water photoelectrolysis, in solar light illumination. 
 
5. CONCLUSION 
The present study demonstrates that the electrochemical anodization method can be used to 
fabricate highly oriented TiO2 nanotube arrays of various generations.  FEGSEM images confirm the 
formation of nanotubes while EDX gave evidence of the presence of Ti and O.  XRD analysis showed 
that annealing promotes crystalline nature with anatase and rutile phase in second and third generation 
TNT.  The analysis of diffuse reflectance UV-Vis spectra for second, third and fourth generation titania 
nanotubes using Kubelka-Munk relation clearly shows that the band gap energy can be red shifted to 3.0, 
2.8 and 2.5 eV respectively.   An improvement in photoelectrochemical performance is achieved through 
optimization of the band gap of the semiconducting photoanode, and the addition of ethylene glycol.  In 
conclusion, TiO2 nanotubular films with various morphologies and crystal structures can be synthesized 
by proper electrochemical anodization and additional annealing treatment, which can be tailored to 
produce a titania nanotubular film with high functional properties.  
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